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We experimentally and numerically study the dependence of different navigation strategies re-
garding the effectivity of an active particle to reach a predefined target area. As the only control
parameter, we vary the particle’s propulsion velocity depending on its position and orientation rel-
ative to the target site. By introducing different figures of merit, e.g. the time to target or the
total consumed propulsion energy, we are able to quantify and compare the efficiency of different
strategies. Our results suggest, that each strategy to navigate towards a target, has its strengths
and weaknesses and none of them outperforms the other in all regards. Accordingly, the choice of
an ideal navigation strategy will strongly depend on the specific conditions and the figure of merit
which should be optimized.
I. INTRODUCTION
Self-propelled, i.e., active colloidal particles which are
capable to convert energy from their surrounding into
directed motion, currently receive considerable attention
because they hold use as micron-sized carriers for the de-
livery of drugs [1, 2] or as active building blocks for the
assembly of microsystems [3, 4]. An important require-
ment for such applications are efficient steering mecha-
nisms which enable microswimmers to navigate towards
specific target sites. In case of e.g. magnetic microswim-
mers [5–8], whose orientation and propulsion direction
is determined by the orientation of an external mag-
netic field B, navigation is easily achieved by control-
ling B. In contrast, fully autonomous microswimmers re-
quire more complex navigation mechanisms because they
are subjected to rotational diffusion. As a consequence,
the propulsion direction varies as a function of time.
With experiments and simulations, it has been demon-
strated that even in the presence of rotational diffusion,
autonomous microswimmers can perform a directed mo-
tion when moving along planar or patterned walls, fun-
nels, channels or chemical gradients [9–13]. Alternatively,
steering of active particles can also be achieved using
feedback-loops which control the particle propulsion de-
pending on its position and orientation [14, 15]. Employ-
ing optical and thermophoretic forces (photon nudging),
it has been shown, that high spatial localization of ac-
tive particles can be achieved [15, 16]. In contrast to
topographical, i.e., static guiding mechanisms, feedback-
based control strategies can also be applied in situations
with time-dependent target positions.
Here, we investigate with experiments and numeri-
∗ These authors contributed equally to this work.
cal simulations how the choice of the control strategy
changes the navigation efficiency of self-propelled parti-
cles when moving towards a predefined target area. As
the only control parameter, we modulate the propulsion
velocity, i.e. the particle motility, depending on its cur-
rent position and orientation by changing the intensity of
the homogeneous illumination. Contrary to e.g. photo-
tactic motion of bacteria, it is important to realize, that
the particle orientation, being characterized by the rota-
tional diffusion coefficient, is entirely unaffected by our
control strategies. We find, that even small changes in
the control strategy lead to large differences in the nav-
igation efficiency, the latter being quantified by e.g. the
time duration to the target or the total propulsion energy.
Because each control strategy has its strengths and weak-
nesses regarding different figures of merit, the choice of an
ideal strategy is not a simple task but strongly depends
on the specific navigation problem. In particular, in the
presence of external constraints or limited resources, the
choice of an optimum control strategy may be crucial for
a successful navigation of a particle towards the target
site.
II. METHODS
A. Experimental setup
The microswimmers in this work were fabricated from
silica spheres with diameter σ = 4.2 µm which were
coated on one side with a carbon layer of 30 nm thickness.
Such Janus particles were suspended in a binary water-
2,6-lutidine mixture that has a lower critical point (LCP)
at TC = 307 K [17] (Fig.1a). Using a thermal bath we
set the temperature of our sample cells to 2 K below TC.
Illumination of the sample with visible laser light leads
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2FIG. 1. (a) Experimentally determined phase diagram of a
water-2,6-lutidine mixture with a lower critical point (LCP)
at TC = 307 K. (b) Dependence of the propulsion velocity
v on the illumination intensity I. The offset corresponds to
the threshold intensity below which no demixing of the fluid
is induced by laser illumination. Experimental data is shown
as symbols and the solid line corresponds to a linear fit above
the threshold.
to absorption and subsequent heating of the carbon coat-
ing. When the temperature of the coating exceeds TC,
the binary liquid becomes locally demixed which leads to
propulsion of the particle by self-diffusiophoresis [18],[19].
For the illumination intensities I used in this work, the
propulsion velocity v linearly increases with I (Fig.1b)
above a threshold value I = 0.28 W/mm
2
. Below this
value, the light intensity is not sufficient to induce demix-
ing and no active motion is observed [18].
As illumination source, we used a diode-pumped laser
with wavelength λ = 532 nm. To achieve homogeneous
(rather than a typical Gaussian profile) illumination over
the entire field of view (390 × 310 µm2), the laser beam
was scanned over the whole area with an acousto-optical
deflector. At a repetition frequency of 100 kHz the
light field can be considered as quasi-static on the rel-
evant timescale. Our experiments were carried out in
a thin sample cell where the particles perform a two-
dimensional translational and a three-dimensional rota-
tional motion.
For the experimental realization of control strategies
it is necessary to obtain and process the time-resolved
particle position r (t) and its orientation projected to the
sample plane p (t). To minimize the time delay, we apply
an automated analysis protocol, which is optimized for
fast processing, immediately after the acquisition of sin-
gle microscope images (in the following a sampling time
of 500 ms is used). First, an intensity threshold filter
is applied to the original image (Fig.2a). This identi-
fies the outer contour of the particle which appears dark
under our illumination conditions. After increasing the
image contrast, we obtain the barycenter (circle) and the
intensity centroid (asterisk) of the particle as schemati-
cally shown in Fig.2b. In contrast to uncoated particles,
where these positions coincide, a characteristic displace-
ment exists for our Janus particles. It is smallest when
the cap points up or down and maximal for particle orien-
FIG. 2. (a) Original image of a Janus particle acquired by a
CCD-camera. (b) Image of the particle with increased con-
trast and calculated barycenter (circle) and intensity centroid
(asterisk). The displacement between them points away from
the coating and gives the particle orientation p (arrow). In
this image, the position of the intensity centroid is shifted
(length of p increased) to improve visibility. (c) Probability
distribution of the angle ∆ϕ between p and the particle ve-
locity v (light bars: without propulsion, dark (red) bars: with
propulsion). (d) Dependence of the particle velocity v on |p|
(linear fit: solid line).
tations in between. Accordingly, the particle orientation
p (arrow) can be obtained from the vector connecting the
barycenter and the intensity centroid. With this proce-
dure, the entire image analysis takes about 50 ms which
can be considered to be instantaneous on the timescale
of translational and rotational particle motion (several
seconds).
The validity of this approach to determine the particle
orientation has been confirmed by comparing p with the
particle propulsion velocity v, which are known to coin-
cide from previous experiments [20]. This can be seen
in Fig.2c, where the probability distribution of ∆ϕ (the
angle between p and v) peaks around ∆ϕ = 0 in case of
active motion (dark (red) bars) and is almost constant
(light bars) without laser illumination, i.e., for Brownian
particles, as expected.
Comparing the particle velocity with the length of
the particle orientation vector |p|, we find a linear de-
pendence (Fig.2d, solid line). This confirms that the
described image analysis also allows us to reconstruct
the three-dimensional particle orientation from projected
video images.
Considering the particle position and orientation as in-
put parameters, the particle velocity, i.e., the laser inten-
3sity, can be adjusted according to a given control strat-
egy. In the following, we will define three different control
strategies which have been realized experimentally.
B. Control strategies
Control strategies are employed to navigate a parti-
cle from its initial position r0 = (0, 0) to a target circle
with diameter σT at position rT = (l, 0). According
to them, the desired motility of the particle, i.e. the re-
quired illumination intensity, is calculated and controlled
as a function of the particle position r = (x, y) and ori-
entation p for each sampling. The relaxation time to an
instantaneous switched on/off laser field has been deter-
mined to be less than 10ms. Therefore, the response to
a time dependent illumination can be regarded as quasi-
instantaneous compared to our typical sampling time of
500 ms.
OnOff strategy In this strategy, the propulsion ve-
locity is switched between zero and v = vmax depending
on the angle α between the particle orientation p (t) and
the vector connecting the current particle position r (t)
and the target center rT (Fig.3a):
α = arccos
(
p · (rT − r)
|p||(rT − r)|
)
. (1)
When α is smaller or equal than a given value α0, the
propulsion velocity is set to vmax and zero otherwise, i.e.,
vOnOff =
{
vmax α ≤ α0
0 α > α0.
(2)
LinScl strategy The LinScl (linear scaling) strategy
is a variation of the OnOff strategy, where the velocity
linearly decreases with α according to
vLinScl =
{
vmax · α0−αα0 α ≤ α0
0 α > α0
. (3)
The velocity is maximal, when the particle points directly
towards the target, and zero when the particle orientation
deviates by α0 and more (Fig.3b).
MinDev strategy The MinDev (minimal deviation)
strategy aims at minimizing the particle’s distance from
the direct straight connection between the initial particle
position r0 and the target rT (Fig.3c). Given an environ-
ment with confined space, e.g. a channel, this external
control approach allows reducing the probability of colli-
sion and adhesion with the channel walls. In contrast to
the previous strategy this requires to store the path or
the initial position r0 in memory for the entire time until
the target is reached.
Similar to the OnOff strategy, the propulsion is either
set to v = vmax or v = 0 depending on whether the par-
ticle orientation p is inside or outside the shaded (green)
area in Fig3c. This area is defined by the two vectors
p
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FIG. 3. Schematic description of the different control strate-
gies based on snapshots of simulations (cf. Sec.II D). The
particles start at the initial position r0 and are navigated
towards the target area (bullet) around rT. The direct con-
nection, i.e., ideal path, is marked by the horizontal line. If
the particle orientation p points towards the shaded area, the
propulsion is set to v = vmax (OnOff (a), MinDev (c)) or to a
value between zero and vmax (LinScl (b)).
a and b where a is the vertical from the particle center
to the connection between r0 and rT and b is the short-
est connection to the outer contour of the circular target
rT = (l, 0) with diameter σT = σ (Fig.3c.),
a = (0,−sgn(y)), (4)
b = rT − r + (0, sgn(y) · σT/2). (5)
Using
β1 = arccos (a · b/(|a||b|)) , (6)
β2 = arccos (a · p/(|a||p|)) , (7)
β3 = arccos (b · p/(|b||p|)) , (8)
this leads to the propulsion velocity
vMinDev =

vmax β2 < β1 & β3 < β1
vOnOff x > (l − σT/2) & x < (l + σT/2)
0 else
(9)
Note, that the middle case in Eq.9 considers the (seldom)
events when the particle is directly above or below the
target. Then, the area defined by a and b becomes very
small which makes the control strategy inefficient.
4C. Figures of merit
In order to compare the navigation efficiency of differ-
ent strategies, meaningful quantitative figures of merit
are required to measure their performance. The most in-
tuitive figure of merit is probably the time, which may be
of essence in future applications either due to a limited
lifetime of particles or load they may carry. The MinDev
strategy is designed to minimize the deviation from an
ideal path, which is therefore a second obvious choice as
a figure of merit. Energy may be limited at the source or
in the sense of tolerable energy input for the system to
avoid damage. At the end, each strategy and each indi-
vidual control run generates a specific path, each with a
different total travel distance for the particle. Based on
these considerations, we defined the following four figures
of merit.
Time duration to target An obvious figure of merit
is the total time T required to reach the target area from
the initial position r0.
Path deviation We also calculated the root mean
square distance between the particle trajectory and the
ideal, i.e., direct path between the initial and the target
position
D =
√√√√ 1
N
N∑
i=1
y2i , (10)
where yi corresponds to the vertical particle position at
time step i and N is the total number of time steps.
Propulsion energy In addition, we computed the to-
tal energy which is delivered for the active propulsion. In
our case, this is given by the time-accumulated incident
laser intensity I
E =
N∑
i=1
Ii∆t, (11)
where Ii is the illumination intensity at time step i.
Total distance Finally, we determined the total cov-
ered distance, i.e., the length of the trajectory
S =
N−1∑
i=1
|ri+1 − ri| . (12)
Note, that due to the nature of Brownian motion, the
measured length of a trajectory will depend on the time
steps between the positional measurements.
This is, of course, only a limited selection of possible
figures of merit and by no means exhaustive. The cho-
sen quantities relate to resources, such as time, confined
navigational space, or energy, which may be limited in
future applications of these strategies.
D. Numerical simulations
The motion of self-propelled particles is a superposi-
tion of stochastic Brownian motion and active propul-
sion with a given velocity v. The Brownian contribu-
tion was simulated based on a time discrete evaluation of
an independent Wiener-Process for the two transla-
tional degrees of freedom x and y, and the two rotational
degrees of freedom ϕ and ψ, representing the rotation
around the vertical axis (ϕ) and the rotation around an
axis, which is perpendicular to the vertical axis and to
the symmetry axis of the particle cap (ψ). The vertical
translation and the rotation around the particle’s sym-
metry axis were ignored, because they will not change
the motional behavior and thus play no role in the ex-
periments. The Brownian motion was calculated with
pseudo-random variables ζ with standard normal distri-
bution of zero mean and variance one. The simulated
stochastic motion depends on the translational and rota-
tional diffusion constants DT and DR, respectively. The
differential equation for particle position and orientation
was solved for constant time intervals of ∆t
ri+1 = ri + ζr
√
2DT∆t+ ∆ractive(ri, ϕi, ψi), (13)
ϕi+1 = ϕi + ζϕ
√
2DR∆t, (14)
ψi+1 = ψi + ζψ
√
2DR∆t, (15)
with the active particle movement
∆ractive =
(
cos(ϕi)
sin(ϕi)
)
cos(ψi)
√
2v(ri,pi)∆t. (16)
The mean horizontal velocity v which is set according
to the navigation strategies (Eq., 2, 3, 9), depends on
the current particle position ri and the in-plane particle
orientation pi, which is given by
pi =
(
cos(ϕi)
sin(ϕi)
)
cos(ψi), (17)
with |p| = cos(ψi). The factor
√
2 in Eq.16 takes into
account, that the particle can rotate freely in all three
dimensions.
To obtain sufficient statistics, we simulated 600 runs
for each control strategy and determined the mean and
the standard deviation of the four figures of merit. From
our simulations and using statistical power analysis soft-
ware [21], we estimated the number of experimental data
points to obtain representative results.
E. Simulation Parameters
To use realistic parameters in our simulations, we used
the experimentally determined values for the transla-
tional DT and rotational DR diffusion coefficients. For
our colloidal particles (σ = 4.2 µm), we obtained DT =
0.027 µm2/s and DR = 1/120 s−1. While DR is in al-
most perfect agreement with the corresponding Stokes-
Einstein value, DT is about 50% below the theoretical
value. Such behavior is due to hydrodynamic interactions
[22] with the wall and in good agreement with previous
studies [20].
5FIG. 4. Simulated time duration to target T with OnOff
63◦ strategy as a function of the time resolution ∆t. With
increasing ∆t, T strongly increases. In our experiments and
simulations, we have chosen ∆t = 0.5 s (vertical dotted line).
In this regime, no influence of ∆t on T and the other figures
of merit is observed. The vertical dashed line corresponds to
the particle’s rotational diffusion time.
The temporal resolution ∆t of the positional and ori-
entational data acquisition and the feedback loop is an
important parameter because it strongly affects how fast
the control parameter responds to a change in the parti-
cle configuration. Accordingly, the above defined figures
of merit will strongly depend on ∆t. This is exemplar-
ily shown in Fig.4 where we plot the time duration to
target T for the OnOff 63◦ strategy and a target dis-
tance l = 30 µm as a function of ∆t. As expected T
increases for large ∆t and saturates towards small ∆t.
Below ∆t ≈ 3 s, T becomes constant. For other strate-
gies and figures of merit a similar behavior is observed.
In the following, we set ∆t = 0.5 s in the simulations and
the experiments.
So far, we have not yet specified the distance l be-
tween the initial particle position and the target. The
choice of this distance strongly affects the typical dura-
tion of a single run in the experiments and the simula-
tions. When l is too large, the time to reach the target
will increase. On the other hand, when l is too small, a
considerable number of active particles will reach the tar-
get even in absence of a control strategy. This is demon-
strated in Fig.5, where we show the probability that an
active particle reaches the target at distance l without
a control strategy, i.e., under constant illumination con-
ditions, within six hours. In the following, we have set
l = 30 µm and l = 100 µm in our experiments and sim-
ulations because the chance to reach the target without
control is below 25% and approx. 10%, respectively.
III. RESULTS
For a target distance l = 30 µm we investigated
five different control strategies: OnOff with α0 =
{13◦, 32◦, 63◦}, LinScl with α0 = 63◦ and MinDev.
The choice of the α0-values was a result of our simu-
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FIG. 5. Arrival probability of uncontrolled particles (sim-
ulation) within six hours for different target distances l.
With pure Brownian diffusion (dotted line), the probabil-
ity is only about 15% for l = 30 µm and below 1/600 for
l = 100 µm. The probability rises for active particles with per-
manent homogeneous illumination (solid line) to about 25%
for l = 30 µm and approx. 10% for l = 100 µm. With active
control (OnOff strategy, dashed line), all particles reach the
target area.
FIG. 6. Performance of the OnOff strategy depending on
the angle α0 (see eq. 2) for two of the figures of merit: (a)
time duration to target T , (b) path deviation D. Shown are
the simulation results for a target distance of l = 30 µm.
The global minima (dashed lines) are at α0 = 63
◦ for T and
α0 = 32
◦ for D.
lations which showed that OnOff 63◦ minimizes the time
duration T and OnOff 32◦ minimizes the path deviation
D. Because T strongly increases with decreasing α0, the
choice α0 = 13
◦ corresponds to the smallest value which
is still accessible on experimental time scales. In all ex-
periments and simulations shown below, the maximum
particle velocity was set to vmax = 0.2 µm/s. To allow
for a direct comparison between experiments and simula-
tions, the initial particle orientation p was always chosen
to be pointing towards rT.
6At first, we want to mention, that for all control
strategies discussed here, in the experiments all particles
reached the target within less than six hours (cf. Fig.8a).
Fig.7 exemplarily shows some experimental trajectories
for three of the above discussed control strategies. The
direct path and the finite sized target area are marked
as solid line and a bullet, respectively. Note, that the
latter region is shown in real scale. Comparing the α0-
dependence of the OnOff strategies (Fig.7a,b), one rec-
ognizes that with decreasing α0 the trajectory exhibits
an increasing fraction of segments with mere Brownian
motion. This is due to the decreasing probability that
the particle’s orientation meets the condition where the
propulsion is switched on. In case of the OnOff 13◦ strat-
egy (Fig.7b), the Brownian motion dominates which re-
sults in large particle excursions from the direct path.
This is in strong contrast to the MinDev strategy, where
the trajectories are much more confined close to the di-
rect path to the target although they also contain a large
number of Brownian parts. Compared to the OnOff-
strategy, where the particle can propel even away from
the direct path, this is hardly possible in the MinDev
strategy (cf. Fig.3).
For further analysis we take a closer look at the figures
of merit defined above. Fig.8a shows, that the time T
to reach the target varies by more than a factor of three
between the investigated control strategies. The shortest
time is achieved with OnOff 63◦ and increases with de-
creasing α0. The LinScl 63
◦ and MinDev perform worse
than OnOff 63◦ and OnOff 32◦. We find excellent agree-
ment between experimental (open symbols) and simula-
tion data (closed symbols), not only regarding the mean
but also with respect to the standard deviation of T . The
results for the total distance S (data not shown) show a
very similar dependence on the different control strate-
gies. In contrast, the path deviation D and the propul-
sion energy E vary by less than a factor of two between
the different strategies (data not shown).
Fig.8b compares all figures of merit for the different
strategies. Experimental and numerical data are shown
as opaque and transparent bars, respectively. For a bet-
ter comparison, we have normalized the data such, that
the mean value of each criterion, averaged over all strate-
gies, is one. As a consequence, any value below (above)
one indicates good (bad) relative performance regarding
a chosen criterion. For example, OnOff 63◦ is best re-
garding T and S, but worse when considering D and E.
In contrast, OnOff 32◦ performs equally well at all figures
of merit. MinDev optimizes the path deviation D at the
expense of the performance regarding all other figures of
merit. This synopsis allows to recognize the benefits and
drawbacks of the strategies. It highlights the fact, that
there is no “best” strategy because each of them has its
advantages and disadvantages.
The figures of merit will also depend on the value of
the target distance l. Simulations predict, that the dif-
ferences between the strategies grow for increasing target
distance. This is exemplarily shown for the path devia-
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FIG. 7. Experimental trajectories for (a) OnOff 63◦, (b)
OnOff 13◦ and (c) MinDev strategy. The ideal path from
start to target is marked as a solid straight line with the cir-
cular target area in real proportion.
tion D (Fig.9). For small distances, the mean values of D
are similar for the OnOff and MinDev strategies. For in-
creasing l, D almost saturates for MinDev but continues
to grow significantly in the case of the OnOff strategy.
In the following, we performed experiments with l =
100 µm to test these predictions and to confirm the ex-
pected advantage of the MinDev strategy. Three strate-
gies were investigated: OnOff 76◦ (minimizing T ), OnOff
35◦ (minimizing D) and MinDev (designed to minimize
D). The trajectories shown in Fig.10 highlight, that in
case of MinDev, the particle remains close to the ideal
path and never actively propels away. For the OnOff
strategies, however, the particles can actively propel fur-
ther away from the ideal path.
As expected, the path deviation D is significantly
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FIG. 8. (a) Experimental (closed symbols) and numerically
(open symbols) determined time duration to target T for dif-
ferent control strategies. (b) Summary of the performance of
different control strategies for a target distance of l = 30 µm
(experimental and numerical data as filled and open bars, re-
spectively. The figures of merit are normalized by the mean
value of the respective criterion.
FIG. 9. Simulations demonstrating the influence of l on D for
the control with MinDev (solid) and OnOff α0 (dashed). The
shaded areas indicate the standard deviation. In the OnOff
strategy α0 depends on l and is chosen to minimize D at
each distance l. For small values of l both strategies do not
differ much in D, whereas for large l the advantage of MinDev
starts to gain importance, resulting in a smaller increase than
for OnOff.
smaller for the MinDev strategy than for the other strate-
gies (Fig.11a). In addition, the standard deviation be-
comes quite small. Obviously, for larger target distances,
the MinDev strategy provides an efficient steering mech-
anism where the particles hardly deviate from the ideal,
i.e., straight, path to the target. Also, the differences re-
garding the figures of merit in the different strategies be-
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FIG. 10. Experimental trajectories for (a) OnOff 76◦, (b)
OnOff 35◦ and (c) MinDev and a target distance l = 100 µm.
come more pronounced for l = 100 µm (Fig.11b). OnOff
76◦ performs very well regarding T and S, but badly re-
garding D. OnOff 35◦ shows a good trade-off between
all figures of merit. MinDev optimizes D at the expense
of all other figures of merit.
Control of the rotation rate
So far, we have only varied the propulsion velocity to
steer the particles towards a target region. From a the-
oretical point of view, the navigation efficiency can be
enhanced when we additionally introduce a variable rate
at which the particle can reorient itself. For colloidal
swimmers the reorientation rate is given by their rota-
tional diffusion constant DR which is fully determined by
the particle size and the solvents viscosity. Accordingly,
such variations of DR have currently not been realized.
However, it has been theoretically predicted that the ori-
entation of active particles can be adjusted by light gra-
dients [23]. Furthermore, this concept is interesting from
a biological point of view, as many motile organisms (e.g.
E. coli [24, 25]) can actively change their orientation by
reversing the flagella motion which eventually leads to
a ”run and tumble” motion. Inspired by this biological
strategy, we have modified our control strategies such,
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FIG. 11. (a) Experimental (closed symbols) and numerically
(open symbols) determined path deviationD for different con-
trol strategies. (b) Summary of the performance of different
control strategies for a target distance of l = 100 µm (exper-
imental and numerical data as filled and open bars, respec-
tively. The figures of merit are normalized by the mean value
of the respective criterion.
that the rotation coefficient of a particle will depend on
its current orientation and, thus, on its propulsion ve-
locity. To enhance the navigation efficiency, we assume,
that the effective rotational diffusion coefficient D∗R be-
comes larger when the particle is not self-propelling and
smaller otherwise.
D∗R =
{
DR v = 0
DR v > 0.
(18)
Accordingly, when the particle is oriented in a wrong di-
rection where self-propulsion is turned off (v = 0), it
will rotate faster ( > 1). This increases the chance that
the particle reorients towards a favorable direction where
self-propulsion is turned on (see inset Fig.12). Then, D∗R
becomes smaller again. To implement this strategy in
our simulations, DR is replaced by D
∗
R in Eq.(15).
Fig.12 shows the dependence of the time duration to
the target T as a function of the diffusional enhancement
factor . Clearly, the additional variation of the rota-
tional diffusion coefficient leads to a substantial improve-
ment in T and the other figures of merit (not shown). For
 > 150, however, the performance saturates. At these
values the rotation rate becomes so high, that the particle
can fully rotate within a single time step.
a) b)
D
*
R=DR D
*
R=DR
v=vmax v=0T
 [
s
]
FIG. 12. Influence of the diffusional enhancement factor 
for OnOff 63◦ and l = 30 µm on the time duration to tar-
get T . Increasing the random reorientation rate improves T
by more than a factor two. The inset schematically illus-
trates the strategy: (a) when the particle is oriented towards
the target, the particle has exhibits the Stokes-Einstein rota-
tional diffusion DR and is propelled with v = vmax; (b) when
the particle is not oriented towards the target, the rotational
diffusion is increased by a factor  and the propulsion is de-
activated (v = 0).
IV. SUMMARY
In our study, we have demonstrated how the choice of
a specific control strategy affects the navigation of self-
propelled particles towards a predefined target site. To
quantify the navigation efficiency, we have computed dif-
ferent figures of merit e.g. the time duration to target or
the total energy required to reach the target. Our results
show, that each of the control strategies has its strengths
and weaknesses, and none of them outperforms the oth-
ers in all regards. In addition, we have demonstrated,
that the optimal strategy also depends on the target dis-
tance. Because the motional behavior of active particles
is rather independent of the specific driving mechanism
of micron-sized objects, we expect that the navigation
strategies discussed here will also apply to other systems
which eventually may find use as e.g. drug delivery sys-
tems where time, accessible space, provided energy, etc.
are limited.
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